Jupiter played an important role in determining the structure and configuration of the Solar System. Whereas hot-Jupiter type exoplanets preferentially form around metal-rich stars, the conditions required for the formation of planets with masses, orbits and eccentricities comparable to Jupiter (Jupiter analogues) are unknown. Using spectroscopic metallicities, we show that stars hosting Jupiter analogues have an average metallicity close to solar, in contrast to their hot-Jupiter and eccentric cool Jupiter counterparts, which orbit stars with super-solar metallicities. Furthermore, the eccentricities of Jupiter analogues increase with host star metallicity, suggesting that planet-planet scatterings producing highly eccentric cool Jupiters could be more common in metal-rich environments. To investigate a possible explanation for these metallicity trends, we compare the observations to numerical simulations, which indicate that metal-rich stars typically form multiple Jupiters, leading to planet-planet interactions and, hence, a prevalence of either eccentric cool Jupiters or hot-Jupiters with circularized orbits. Although the samples are small and exhibit variations in their metallicities, suggesting that numerous processes other than metallicity affect the formation of planetary systems, the data in hand suggests that Jupiter analogues and terrestrial-sized planets form around stars with average metallicities close to solar, whereas high metallicity systems preferentially host eccentric cool Jupiter or hot-Jupiters, indicating higher metallicity systems may not be favorable for the formation of planetary systems akin to the Solar System.
INTRODUCTION
Jupiter had a significant impact on the evolution of the Solar System, shaping its structure and configuration ) and possibly reducing the accretion rate of terrestrial planets by limiting inward transport of solids Kooten et al. 2016) . Furthermore, gravitational perturbations from Jupiter were likely responsible for seeding the Earth with water-rich asteroids (Morbidelli et al. 2012) . Recent observational advances in the exoplanet field have revealed scores of closely-packed multi-planet systems with short orbital periods and have shown that terrestrial-sized exoplanets are abundant (Borucki et al. 2010; Mayor et al. 2011) . However, it is still unclear if the configuration of the Solar System, with the inner region populated by terrestrial planets and the outer region by ice and gas giants, is common.
Gas giant planets with masses, orbits and eccentricities analogous to Jupiter are difficult to detect due to their long orbital periods, but recent discoveries have increased the population of these Jupiter analogues enabling studies of the environment in which they formed. It is well-established that host-star metallicity, a proxy for the amount of heavy elements available to form planets in protoplanetary disks, is one of the driving factors determining the outcome of planet formation. The planet-metallicity correlation was first studied for hotJupiter type gas-giant planets (Santos et al. 2004; Fischer & Valenti 2005) and later for smaller sub-Neptune sized planets (Sousa et al. 2011; Buchhave et al. 2012 Buchhave et al. , 2014 . However, the gas-giant studies were restricted to shorter period planets (e.g. periods < 4 yr, (Fischer & Valenti 2005) ) and consequently the conditions promoting the formation of planetary systems containing
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Jupiter analogues are poorly understood. This information is critical to constrain planet formation theories and place the Solar System in the context of the multitude of different types of planetary systems that exist in the Galaxy.
Here, we present a homogeneous analysis of host star metallicities for systems hosting planets with masses, orbits and eccentricities comparable to that of Jupiter, enabled by recent discoveries of these types of planets. Such data provide insights into the formation pathways of the largest and most massive planets that may significantly impact the architecture of their host planetary systems.
OBSERVATIONS AND SAMPLE
We define Jupiter analogues to be planets with approximately the mass of Jupiter (0.3 M J < M p < 3.0 M J , with M J indicating the mass of Jupiter), and with low orbital eccentricities (e < 0.25) and receiving less than a quarter of the insolation of the Earth:
(1) with S ⊕ indicating units of Earth insolation. The low orbital eccentricity suggests that the systems are less likely to have undergone a period of strong dynamical instability.
The insolation requirement would, in the Solar System, translate to an object having a semi-major axis a > 2 AU, which is beyond the snow line after the protoplanetary disk has evolved for a few million years (Bitsch et al. 2015a ). Planetary growth rates are believed to increase outside of the water ice line due to the additional solid material in this region (Pollack et al. 1996) and the larger sizes of icy pebbles relative to silicate pebbles interior of the ice line (Morbidelli et al. 2015) .
We used data from exoplanet.org 1 to identify currently known Jupiter analogue type exoplanets according to these criteria. We identified 20 Jupiter analogues and an additional 17 cool eccentric Jupiters with the same criteria except requiring that the cool eccentric Jupiter have an orbital eccentricity higher than 0.25.
We collected a total of 1889 high-resolution spectra, including both new observations and publicly available archival spectra, from four different spectrographs of the host stars of 35 systems containing the 37 Jupiter analogues and eccentric cool Jupiters as well as a representative comparison sample of similar size of hot-Jupiter host stars. The hot-Jupiter sample consists of 28 hotJupiter host stars from the HATNet transit survey and from hot-Jupiter planets identified by the Kepler Mis-1 From exoplanets.org on 17 June, 2016 sion that already have published metallicities derived using SPC . The hot-Jupiters were selected using the same mass restrictions as the Jupiter analogues and the additional requirement of a small semi-major axis (a < 0.1 AU).
The spectra originate from the following four spectrographs: the fiber-fed Tillinghast Reflector Echelle Spectrograph (TRES; Frsz 2008) on the 1.5 m Tillinghast Reflector at the Fred Lawrence Whipple Observatory on Mt. Hopkins, Arizona; the High Accuracy Radial velocity Planet Searcher (HARPS; Mayor et al. 2003) at the ESO La Silla 3.6 m telescope; the HIRES spectrograph (HIRES; Vogt et al. 1994 ) on the 10 m Keck I telescope at Mauna Kea, Hawaii and the FIber-fed chelle Spectrograph (FIES; Telting et al. 2014 ) on the 2.5 m Nordic Optical Telescope (NOT) on La Palma, Spain. We gathered 21 new and 142 archival observations from TRES, 1689 public archival spectra from HARPS, 30 public archival spectra from HIRES and 7 archival spectra from FIES totalling 1889 spectra in all.
In order to minimize known biases associated with using different techniques to derive host star metallicities, we analyzed the gathered spectra of the host stars using the Stellar Parameter Classification tool (SPC; Buchhave et al. 2012 Buchhave et al. , 2014 , deriving spectroscopic metallicities in a homogeneous and consistent manner for the entire sample of stars. SPC has been utilized in a large number of exoplanet publication and has been compared with other classification techniques by a number of independent research groups (e.g. Huber et al. (2014); Wang et al. (2016) ; Petigura et al. (2017) ).
We removed a total of 4 of the Jupiter analogues due to the reasons described in the following. SPC provides reliable stellar parameters for solar-type stars, but it has not been rigorously tested for evolved stars and cooler dwarf stars. We therefore restricted our analysis to solar-like dwarf stars (T eff > 4500 K and log g > 4.0) and thus removed two stars (HD114613 and HD11964) due to their low surface gravity (log g < 4.0). Secondly, we were unable to obtain appropriate spectra of the two stars HD154857 and HIP57274 during the observing time available to us. The sample of hot-Jupiters also adheres to these restrictions on effective temperature and surface gravity.
We have compared our metallicities of the Jupiter analogues and the hot-Jupiters to the published values on exoplanet.org and we find an average difference of -0.01 dex and an RMS of the difference between our metallicities and the published metallicities of 0.07 dex, consistent with the formal uncertainties. Furthermore, we compared our metallicities to the SWEET-Cat database of stellar parameters 2 (Santos et al. 2013 ) and found similar good agreement with an average difference of -0.03 dex and an RMS of the difference between our metallicities and the SWEET-Cat metallicities of 0.07 dex. Table 1 contains the stellar parameters derived using SPC for all the planet hosting stars using in this article as well as values used in this manuscript from exoplanet.org at the time we downloaded them (17 June, 2016) . Furthermore, we used previously published SPC metallicities for the Kepler hot-Jupiter planets .
To understand the formation history of the systems, including whether these have undergone dynamical planet-planet interactions that would result in large eccentricities, the planets are categorized using the eccentricity of the discovered planet with the maximum eccentricity in the system. However, when using the eccentricities of the individual planets, we find very similar results. (Fischer & Valenti 2005) and Kepler gas-giants [m/H] = +0.18 ± 0.02 ). A two-sample Kolmogorov-Smirnov test reveals that the null hypothesis that the sample of stars orbited by Jupiter analogues and the sample of stars orbited by hot-Jupiters are drawn from the same parent population can be rejected with 99.996% confidence (4.1σ, p-value = 4.26 × 10 −5 ). Using the eccentricity of the individual planets as opposed to the maximum eccentricity in each system, we find that the confidence level of the K-S test is slightly lower at 3.9σ. We also calculated the two independent sample t-test to determine the probability that two sample populations have significantly different means. For the Jupiter analogues and hot-Jupiters, we find that the null hypothesis can be rejected with 99.999% confidence (4.3σ, 2 https://www.astro.up.pt/resources/sweet-cat 3 SPC utilizes of all the absorption lines in the wavelength region 505 to 536 nm and we therefore denote the metallicities in this work as [m/H], representing a mix of metals assumed to be the same as the relative pattern of the abundances in the Sun. p-value = 1.44 × 10 −5 ) and with 99.997% confidence (4.2σ, p-value = 2.65 × 10 −5 ) when using the eccentricity of the individual planets. Figure 2 shows the eccentricities of the Jupiter analogues plotted against their host star metallicities. The cool Jupiters with larger eccentricities are found orbiting host stars that are more metal rich, whereas Jupiter analogues with orbital eccentricities closer to circular in systems with only one discovered planet are predominantly found orbiting host stars with metallicities closer to that of the Sun. When including systems with multiple planets and assigning the eccentricities of the individual planets (right panel, all points), the planets appear to form around a wider range of metallicities.
The eccentricities of Jupiter analogues thus depend on host star metallicity and hence the initial metallicity of the protoplanetary disk, in agreement with previous findings for warm Jupiters (orbital distances of 0.1 − 1 AU) (Dawson & Murray-Clay 2013) and for short-period planet candidates from Kepler (Shabram et al. 2016) , suggesting that planet-planet scatterings producing highly eccentric cool Jupiters are more common in metal rich environments. A two-sample K-S test shows that the null hypothesis that the sample of stars orbited by Jupiter analogues and the sample of stars orbited by cool eccentric Jupiters are drawn from the same parent population can be rejected with 99.96% confidence (3.6σ, p-value = 3.73 × 10 −4 ). Using the eccentricities of the individual planets rather than the maximum eccentricity of the system, the confidence level is 99.91% (3.3σ, p-value = 9.04×10 −4 ). The t-test null hypothesis can be rejected with 99.994% confidence (4.0σ, p-value = 6.47 × 10 − 5) and with 99.987% confidence (3.8σ, p-value = 1.29 × 10 −4 ) when using the eccentricity of the individual planets. To test the robustness of our results to larger and smaller gas-giant masses, we expanded the mass range to 0.2 M J < M p < 13 M J which lead to similar results as above (see Section 5 for details). Furthermore, bootstrap with replacement simulations indicate that the results are robust to the removal of individual data points (see Section 5 for details).
Our results indicate that Jupiter analogues are found on average around stars with solar-metallicity in contrast to the hot-Jupiters that predominantly orbit metal-rich stars. Thus, the widely-accepted hot-Jupiter metallicity correlation does not seem to extend to longer period gas giants with low eccentricity. Hot-Jupiter exoplanets are thought to form beyond the ice line and subsequently migrate inwards close to their host stars. However, it is debated whether their migration is due to planet-disk interactions (disk migration; Baruteau et al. 2014) or dynamical planet-planet interactions resulting in highly eccentric orbits that are subsequently circu- .23 ± 0.04 (±0.14), respectively). A two-sample Kolmogorov-Smirnov test reveals that the null hypothesis that the sample of stars orbited by Jupiter analogues and the sample of stars orbited by hot-Jupiters are draw from the same parent population can be rejected with 99.996% confidence (4.1σ, p-value = 4.26 × 10 −5 ). It is debated whether the migration of hot-Jupiters is due to planet-disk interactions (Baruteau et al. 2014 ) (disk migration) or dynamical planet-planet interactions resulting in highly eccentric orbits that are subsequently circularized (Chatterjee et al. 2008) . Jupiter analogues are, on average, found around solar-metallicity host stars, in contrast to the hot-Jupiters, suggesting that the mechanism responsible for their proximity to the host stars must be more effective in high-metallicity environments.
larized (Chatterjee et al. 2008) . The results in Figure  1 suggest that the mechanism responsible for migration is more effective in high-metallicity regimes relative to environments with solar-like metallicities. Furthermore, Figure 2 shows that the eccentricity of Jupiter analogues is correlated with host star metallicity and thus the initial metallicity of the protoplanetary disc, suggesting that planet-planet scatterings producing highly eccentric Jupiter analogues is more common in metal rich environments.
PLANET FORMATION INTERPRETATION
These findings provide insights into the formation mechanisms responsible for gas giant planet formation and, as such, we performed numerical simulations of planet formation by pebble accretion to interpret our observations. We emphasize that this is one of many possible interpretations and should be viewed as a model that is consistent the observed metallicity trends. Recent work has shown that rapid formation of planetary cores within the lifetime of protoplanetary disks can occur by pebble accretion, that is, the accretion of centimetre-to meter-sized particles loosely bound to the gas onto planetesimals seeds (Lambrechts & Johansen 2012; Ormel & Klahr 2010; Lambrechts et al. 2014; Levison et al. 2015; Bitsch et al. 2015b ). Astronomical observations indicate that pebbles are abundant in the protoplanetary disks of dust and gas orbiting young stars (Brauer et al. 2007 ). Moreover, pebble accretion allows for the efficient formation of planetary cores in disks with a wide range of metallicity as well as out to large orbital distances (10 − 20 AU) (Lambrechts & Johansen 2014; Levison et al. 2015) . We note that our results could also be understood in the framework of planet formation models invoking collisional growth of planetesimals and planetary embryos.
Our planet formation model is based on core formation via pebble and gas accretion, planet migration and Figure 2. The eccentricity and metallicity of the Jupiter analogues (blue circles) and eccentric cool Jupiters (green triangles). The solid symbols represent systems with only one known planet, whereas the open symbols with lighter color represent multiplanet systems with one or more additional planets (the majority of which are Jupiter mass). In the left panel, the eccentricity reflects that of the largest eccentricity of the discovered planets in the system. In the right panel, the eccentricity assigned is the eccentricity of the individual planets. A two-sample K-S test shows that the null hypothesis that the sample of stars orbited by Jupiter analogues and the sample of stars orbited by cool eccentric Jupiters are drawn from the same parent population can be rejected with 99.96% confidence (3.6σ, p-value = 3.73 × 10 −4 ). Using the eccentricities of the individual planets rather than the maximum eccentricity of the system returns a comparable confidence level of 99.91% (3.3σ, p-value = 9.04 × 10 −4 ). To test whether a two-component model with two averages and with a dividing eccentricity as a free parameter is a better fit to the data than a simple average or a linear model, we fitted the data using a Markov Chain Monte Carlo (MCMC) approach to test three models, namely a simple average for the entire sample, a two-component model with two averages and with the dividing eccentricity as a free parameter and, lastly, a linear model. A two-component model with two averages and a fitted eccentricity divide (the orange dashed lines indicate the two averages and the shaded region indicates the standard error of the mean) is significantly better represented by the data than a model with a simple average (∆BIC = 120, see Section 5 for details). disk evolution (Bitsch et al. 2015b ). Planetary cores grow through the accretion of pebbles (Lambrechts & Johansen 2014 ) until they reach pebble isolation mass, which is where the planet carves a partial gap in the gas disc and pebble accretion stops (Lambrechts et al. 2014) . The planet then starts to accrete a gaseous envelope until M env ∼ M core , which is when runaway gas accretion sets in. At the same time, the planet migrates through the disc, where we take the fully unsaturated torques into account (Paardekooper et al. 2011) . The structure of the protoplanetary disc, the accretion rates for pebble accretion and the planetary migration rates depend strongly on the metallicity (Lambrechts & Johansen 2014; Paardekooper et al. 2011; Bitsch et al. 2015a ). Here, we use a simplified disk model consisting of two power laws, one for the viscously dominated and one for the irradiation dominated regime (Ida et al. 2016) . This allows us additionally to probe the dependency on the disk's viscosity. These different parameters (metallicity and viscosity) strongly influence the individual growth tracks (evolution of planetary mass as a function of semi-major axis) of the individual planets. We therefore investigate planet formation as a function of metallicity and viscosity (Figure 3) . For solar metallicity ([Fe/H]=0) we use a pebble-to-gas ratio of Z peb = 1.35%.
In each metallicity bin (∆[Fe/H] = 0.01 dex), we simulate the growth tracks of 100,000 planets that have linearly randomly spaced starting locations in the interval 0.1 -50 AU. The initial planetary mass is set to the pebble transition mass, where pebble accretion starts to be efficient from the whole Hill radius of the planet (Ida et al. 2016) . We assume that the disc is already 1.5 Myr old and has a total lifetime of 3 Myr, which is well within the limits of the measurements of lifetimes of protoplanetary discs (Mamajek 2009 ). In principle, shorter/longer disc lifetimes can change the giant planet formation frequency (Ndugu et al. 2018 ), but for clarity we investigate here only the influence of a change in metallicity on the giant planet formation efficiency. This allows us to investigate the influence of metallicity on planet formation. In Figure 3 , we show the fraction of giant planets (M p > 100 M ⊕ ) compared to the total number of planetary seeds in each metallicity bin as a function of their final orbital distance and the metallicity. Clearly, decreasing viscosity and increasing metallicity enhances planetary growth. In fact, for the highest metallicity investigated ([Fe/H] = 0.4) nearly 90% of all planetary seeds grow to become gas giants. For the α-viscosity parameters of 0.001 and 0.002, it seems that no giant planets would form outside of 10-15 AU at high metallicities. In order to form giant planets that end up at orbital positions larger than 10-15 AU, the planetary seed would need to form outside of 50 AU, which is larger than the interval we used for our simulations. We assume that the protoplanetary disc photoevaporates after 3 Myr. We do not take into account the possibility that discs around low-metallicity stars could have a shorter life-time to X-ray photoevaporation (Ercolano & Clarke 2010) , but adding such a dependency would simply work to amplify our key result that high-metallicity stars are more likely to form multiple giant planets. Figure 3 shows the fraction of planetary seeds that become gas giants (M p > 100 M ⊕ ) formed in planetary formation simulations including pebble accretion, gas accretion and planetary migration. The growth to giant planets is enhanced for lower viscosities, because of (i) the higher surface density for discs with constant accretion rates and (ii) because of the lower pebble scale height, which allows a faster accretion rate. The gas-giant fraction is shown as a function of the final orbital distance of the planet, the metallicity and the α-viscosity parameter of the disk (varied in the three panels). Decreasing the viscosity allows for a more efficient growth of the planetary seeds, because the gas column density must be higher in low viscosity discs, in order to drive the observed mass accretion rate onto the star. Increasing the disc metallicity shortens the core accretion time-scale via pebble accretion, because the protoplanetary disk has more available pebbles to accrete (Bai & Stone 2010) . Although planetary seeds in our simulations start at random locations between 0.1 and 50 AU, the final orbital distances of the gas giant planets are concentrated in the inner regions of the protoplanetary disk. This crowding of giant planets in the inner region increases with metallicity, as a larger fraction of the seeds grow to become gas giants. Therefore, high-metallicity systems are expected to contain multiple gas giants that can perturb each other gravitationally. These perturbations can lead to enhanced planetplanet scattering rates that will either eject one of the planets or leave it on an eccentric orbit and transfer the other planet to a much shorter orbital period (Lega et al. 2013) , which has also been suggested by studies searching for outer gas-giant companions to known exoplanets (Bryan et al. 2016) . Increased metallicity can also result in an enhancement of the planetesimal formation rate (Bai & Stone 2010) . These leftover planetesimals can destabilize the giant planet configuration over longer time-scales ) and further increase the eccentricity distribution of the planetary systems.
The enhanced planet-planet scattering observed in the simulations for higher metallicity systems due to the crowding of giant planets in the inner disk regions is in keeping with the observation that Jupiter analogues are found, on average, around stars of lower metallicity relative to the hot-Jupiter or eccentric cool Jupiter exoplanets. Eccentric cool Jupiters likely experienced dynamical encounters with other gas giants, resulting in the scattering of one of the planets. Thus, only a fraction of the gas-giant planets that originally formed around high metallicity stars remain Jupiter analogues. These observations suggest that both inward migration and planet-planet scatterings, resulting in hot-Jupiters and eccentric cool Jupiter exoplanets respectively, are more common in metal-rich systems. Therefore, the initial metal content of protoplanetary disks appears to regulate the structure and architecture of planetary systems. Another possible interpretation is that the metallicity trends could be an imprint of disk dispersal, where disk lifetimes are shorter at lower metallicities (Yasui et al. 2009; Ercolano & Clarke 2010) . The short lifetime could, on average, yield fewer multiple giant planets, and these single giant planets could migrate inward and their final location would be set by inside-out photoevaporation which produces an increase of single giant planets just beyond the critical radius 1 AU (Alexander & Pascucci 2012) , corresponding to the cool circular orbit Jupiters in this analysis. The timescale for dispersing the highmetallicity disks is longer and there is therefore more time to form multiple large planets whose final locations (and eccentricities) depend on the interaction with other planets, both while migrating in the disk as well as post disk dispersal.
ADDITIONAL TESTS AND DISCUSSION
In order to test whether excluding the two stars with lower surface gravity log g < 4.0 affected our results, we lowered our surface gravity threshold to 3.8, which resulted in HD114613 and HD11964 being included in the analysis. The K-S test described in Section 3 decreased slightly in significance but remained statistically significant. Subsequently, we used stellar parameters from SWEET-Cat (Santos et al. 2013 ) in order to include HD154857 and HIP57274 in our analysis. In this case, the significance of the results in the main paper increased slightly.
The Jupiter analogues and cool eccentric Jupiter planet discoveries originate from a number of RV survey programs designed to discover and measure the mass of exoplanets using precise radial velocity measurements. All of the surveys target solar-type stars that are bright and in proximity to our solar system, and some of the surveys, like the HARPS and CORALIE surveys, are volume-limited surveys, thus targeting all solar-type , but the gas-giant fraction rises sharply to above 50% at slightly super solar values of the metallicity. Hence the formation of systems containing multiple cold gas giants is much more likely at elevated metallicities. Mutual scattering between these gas giants leads to ejections from the system and increases the eccentricity of the surviving planets; this can even lead to the formation of hot-Jupiter planets by tidal circularization at perihelion. This explains the trend for host stars of eccentric cool Jupiters and hot-Jupiters to have elevated metallicities. True Jupiter analogues, on the other hand, emerge in systems that form only a single gas giant, a more probable outcome at solar and sub-solar metallicity.
stars within a given distance. For example, the HARPS volume-limited sample (Naef et al. 2010) contains 850 F8 to M0 dwarfs within 57.5 pc. The sample of hotJupiter planets in this paper were discovered using the transit method and subsequently followed up with radial velocities to measure their masses. Both the RV surveys and the transit surveys suffer from inherit detection biases: larger and more massive planets in short orbital periods are more easily detected. Furthermore, there are human biases, such as prioritizing targets that exhibit variability early on because they might yield publishable results. However, the vast majority of the surveys (both RV and transit) have no significant inherent bias towards metallicity, since the samples from the majority of the surveys were selected as volume limited samples or targeted bright solar-like stars. Detection biases affect occurrence rate calculations and therefore, completeness studies must be undertaken to account for these effects in order to draw robust conclusions. However, this study pertains to the host star metallicities of exoplanets belonging to different categories of planets (Jupiter analogues, eccentric cool Jupiter and hot-Jupiters) and does not address occurrence rate questions. When surveys are biased towards discovering a particular type of planet (like hotJupiters), the detected number of planets of this particular type of planets is affected (and hence the occurrence rate, if the bias is not dealt with), but the average metallicity of the host stars of a particular type of planet (e.g. hot Jupiters) are not affected by this bias, unless there is a very strong inherent bias towards observing only a particular host star metallicity, which is not the case.
The surveyed stars in the Kepler Mission were not selected based on host star metallicity and neither were the surveyed stars in the ground-based transit surveys nor the RV surveys. It is also important to note that even if there was a bias towards, for example, more readily detecting planets around metal rich stars for some reason, the results in this paper would be even more significant, since it would disfavor the detection of Jupiter analogues, which form around stars with lower average metallicities.
Furthermore, we note that the hot-Jupiter sample in this survey, which is based on planets detected using the transit method, have an average metallicities nearly identical to the hot-Jupiters in the Fischer & Valenti (2005) paper discovered using the radial velocity method (average metallicity of hot-Jupiters from Fischer & Valenti (2005) [m/H] = +0.23 ± 0.03 and average metallicity of hot-Jupiters in this paper [m/H] = +0.25 ± 0.03). As such, biases inherit to the detection methods should not affect the result and conclusions in this paper, since we are examining the average metallicities of the host stars of planets of different types.
To test if large uncertainties on the eccentricities affect our results, we imposed a maximum eccentricity uncertainty of 0.2, which resulted in the removal of two systems. This resulted in a change in the confidence level of the K-S test from 99.996% (4.1σ, p-value = 4.26 × 10 −5 ) to 99.97% (3.7σ, p-value = 2.57 × 10 −4 ). In order to ensure the robustness of the results, we performed a bootstrap with replacement analysis. We randomly drew new samples from the original samples (of the same size as the original samples) and allowed planets to be drawn more than once (with replacement) and repeated the test 10 6 times. We then performed the same K-S test for each of the draws asking with what confidence the null hypothesis that the newly drawn sample of stars orbited by Jupiter analogues and the sample of stars orbited by hot-Jupiters were drawn from the same parent population could be rejected. We found that the samples were not drawn from the same parent population with 3.98 +0.60 −0.67 σ confidence, in line with the conclusions in Section 3.
To further test the robustness of our results to different mass definitions of Jupiter analogues, we expanded our mass range to included planets with masses between 0.2 M J < M p sin i < 13 M J . Using exoplanet.org, we found 2 planets with masses between 0.2 M J and 0.3 M J and 20 planets with masses between 3.0 M J and 13.0 M J . To measure the host star metallicities of these stars, we gathered 9 new observations from TRES and 736 public archival spectra from HARPS, which yielded reliable host star metallicities for 17 of the 22 planets. Using the full mass range (0.2 M J < M p sin i < 13.0 M J ), we find average metallicities of the Jupiter analogues (26 planets), the hot-Jupiters (32 planets) and the cool eccentric Jupiters (28 planets) of [m/H] = −0.04 ± 0.05, [m/H] = +0.24 ± 0.03 and [m/H] = +0.17 ± 0.03, respectively. The two-sample K-S test shows that the null hypothesis that the sample of stars orbited by Jupiter analogues and the sample of stars orbited by hot-Jupiters are drawn from the same parent population can be rejected with 99.996% confidence (4.1σ, p-value = 3.92 × 10 −5 ). Furthermore, a two-sample K-S test shows that the null hypothesis that the sample of stars orbited by Jupiter analogues and the sample of stars orbited by cool eccentric Jupiters are drawn from the same parent population can be rejected with 99.90% confidence (3.3σ, p-value = 9.74 × 10 −4 ). We then performed K-S tests on the Jupiter analogues and the hot-Jupiters, testing various mass range combinations. We computed the p-value from the K-S test in a grid varying the minimum mass from 0.2 M J to 1.1 M J in 0.05 M J steps and the maximum mass from 2 M J to 13 M J in 1 M J steps. The resulting p-values can be seen in Figure 4 , where the red and orange colors encapsulated by the solid black line represent p-values corresponding to a confidence level over 3σ.
To explore whether a two-component model with two averages and with a dividing eccentricity as a free parameter is a better fit to the data than a simple average or a linear model, we fitted the data using three different models using a Markov Chain Monte Carlo (MCMC) approach. We tested three models: a simple average for the entire sample, a two-component model with two averages and with the dividing eccentricity as a free parameter and, lastly, a linear model. We derived the maximum likelihood from the posteriors and calculated the Bayesian Information Criterion (BIC) for each model.
We found that the two-component model significantly better represented the data than the model with a simple average (∆BIC = 120). The linear model was also significantly preferred over the model with a simple average (∆BIC = 106). The two-component model was thus statistically significantly favored over both the other models. Furthermore, in order to account for the uncertainties in the eccentricities, we created 5000 new sets of data by perturbing the eccentricities within their uncertainties. For each of the 5000 sets of data, we carried out the test described above and determined the BIC values from the posteriors of the distributions. We found similar results as above: the two-component model was significantly favored over the model with a simple average (∆BIC = 95.3 These results, along with the results from the K-S test and the statistically significant difference in the average metallicities when considering the standard error of the mean of the two samples, shows that the results are indeed robust.
In this work, we require that the Jupiter analogue planets receive less than a quarter of the insolation of the Earth (S eff < 0.25 S ⊕ ). To investigate the influence of this requirement on our results, we performed tests where we included planets receiving a larger amount of insolation by using literature values originating from SWEET-Cat (Santos et al. 2013) , which is a collection of stellar parameters for planet hosting stars with the goal of providing a homogeneous table of stellar parameters when possible. In Figure 5 , we show the metallicities of stars hosing planets with masses between 0.3 M J < M p < 3.0 M J as a function of the insolation they receive. The average metallicities of the stars in receiving an insolation of (cool) 0.01 S ⊕ < S eff < 0.25 S ⊕ , (warm) 0.25 S ⊕ < S eff < 10 S ⊕ and (hot) 10 S ⊕ < S eff < 10000 S ⊕ is (cool) 0.00 ± 0.05 (±0.22), (warm) +0.08 ± 0.03 (±0.24), (hot) +0.15 ± 0.02 (±0.15), where the uncertainty is given as the standard error of the mean and the standard deviation is in parentheses. The cool non-eccentric Jupiter analogs and the hot-Jupiters show the same pattern as seen in Section 3, although the hot-Jupiters are slightly less metal rich. The warm non-eccentric Jupiters appear to have an average metallicity intermediate to the cool and hot Jupiters. We note that when using period or semi-major axis as a proxy rather than insolation, the hot-Jupiters orbit more metal rich stars, while the differences between the medium and long period planets (or planets with a medium or large semi-major axis) is diminished, indicating the importance of using insolation to investigate the metallicity dependence. As such, these results seem compatible with recent results from the LAMOST survey, where Mulders et al. (2016) find that the average metallicities of stars hosing large planets (larger than Neptune) appear to be consistently metal-rich out to a period of a few hundred days (see their Figure 8 , bottom panel). However, the number of targets is small and although not statistically significant, it appears that the closein hot-Jupiters orbit more metal rich host stars with a slight decrease in metallicity at longer orbital periods, which is consistent with our findings when examining planets from exoplanets.org and SWEET-Cat.
We note that the average orbital period of the Jupiter analogues is 2348 days whereas Jupiter has a longer orbital period of 4332 days. We also caution that the samples of Jupiter analogues and eccentric cool Jupiter in this analysis are small since such planets are difficult to detect with current techniques.
The S/N ratio of all the spectra used is adequate to derive precise stellar parameters using SPC. As such, the uncertainties in the stellar parameters reflect the systematics in the stellar models and not the photon noise. Thick disk stars have a wide variation in their metallicities, but their metallicity distribution peaks at [Fe/H] -0.7. The stars in our sample are thus consistent with being thin disk stars. As such, we conclude that neither S/N ratio nor galactic chemical evolution could be the root cause of the average metallicity difference we observe.
6. CONCLUSION Although a number of factors and initial conditions influence the outcome of planet formation, metallicity appears to be one of the key parameters determining which type of planets are formed and their final configuration. In this paper, we show, using homogeneously derived spectroscopic metallicities, that stars hosting Jupiter analogues have an average metallicity close to solar, in contrast to their hot-Jupiter and eccentric cool Jupiter counterparts, which orbit stars with super-solar metallicities. And warm Jupiters seem to orbit stars with an average metallicity intermediate to that of the hot and cool Jupiters. We also find that the eccentricities of Jupiter analogues increase with host star metallicity, suggesting that planet-planet scatterings producing highly eccentric cool Jupiters could be more common in metal-rich environments. Conversely, very metal poor systems will lack the required amount of material to form planets at all.
This suggests the existence of an intermediate metallicity regime where the formation of terrestrial planets and of a single gas giant akin to Jupiter is more likely to occur. The data at hand indicate that, on average, Jupiter analogues (this paper) and terrestrial size planets (Buchhave et al. 2012 Mulders et al. 2016) that are not in very short period orbits form around stars with lower metallicities that are, on average, close to solar.
A direct consequence of the formation of planetary cores (with at least 10-20 Earth masses) is their feedback onto the disc structure. The planet opens up a partial gap and generates a pressure bump outside of its orbit, which is an efficient mechanism for limiting the inward flux of pebbles (Lambrechts et al. 2014) . Thus, the amount of solids available to fuel planetary growth sunward of the gap may be significantly reduced, resulting in much slower growth rates in the inner disk (Morbidelli et al. 2015) . If correct, this could imply that systems analogous to the Solar System, with small, rocky and potentially habitable planets might be common around stars hosting a Jupiter analogue. The metallicity of the host stars of planets with masses between 0.3 MJ < Mp < 3.0 MJ from exoplanets.org as a function of the insolation received in units of Earth insolation. The metallicities are from the SWEET-Cat catalog using only stars that were flagged as having been homogeneously analyzed using the same method. Blue points signify stars with eccentricities e ¡ 0.25 and green points are stars orbited by planets with e > 0.25. The horizontal blue lines indicate the average metallicity of stars with planets with low eccentricity receiving insolation of 0.01 S⊕ < S eff < 0.25 S⊕, 0.25 S⊕ < S eff < 10 S⊕ and 10 S⊕ < S eff < 10000 S⊕. The intermediate warm Jupiters have an average metallicity which is in between the Jupiter analogues and the hot-Jupiter type planets. 
